In general relativity gravity is described by a metric with light travelling on null geodesics of that metric. Any such metric theory of gravity, when coupled with conservation of photon number in vacuum, leads to the reciprocity relation or distance-duality which states that distances measured using apparent luminosities essentially coincide with distances measured using apparent sizes. We show that the latest cosmological data sets are in disagreement with the reciprocity relation at 2σ, a result stable to change of data set and primarily due to sources at z > 0.5. When interpreted in terms of violation of photon number conservation the best-fit has a dimensionless scattering amplitude about 50 times larger than that associated with Compton scattering from the free-electrons in the intergalactic medium but corresponds to brightening of the SNIa. This may be the signal of new physics or simply evidence that current data sets suffer from additional systematic effects. It does however, disfavour axionphoton mixing and extinction of SN-Ia light as alternatives to cosmic acceleration. We discuss how future surveys, using gravitational wave standard candles, will be able to distinguish between violation of photon number and deviations of gravity from metric theory predictions.
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In 1933 Etherington [1] found a beautiful duality that implies that distances in cosmology based on a metric theory of gravity are essentially unique: whether one uses the apparent luminosity of standard candles (yielding the luminosity distance, d L (z)) or the apparent size of standard rulers (the angular-diameter distance d A (z)), does not matter since they are linked by the reciprocity relation:
where z is redshift. The reciprocity relation was later proven for general metric theories of gravity in which pho- 2). The shading shows the difference this brightening ("absorption") makes and quantifies the extent to which the reciprocity relation is violated. Since the violation of the reciprocity relation increases exponentially more high redshift data will significantly improve the constraints. Here we assume α = −2, β = 1. Higher values of α correspond to models where the photon scattering cross section increases as the universe expands (shaded part). If photons are affected by "scatterers" or "absorbers" with a constant comoving density, then α = −2 (brown dashed line). α > 1 corresponds to a rather unphysical region of parameter space where the probability of photons scattering increases with the expansion of the universe.
tons travel on unique null geodesics and is essentially equivalent to Liouville's theorem in kinetic theory. The reciprocity relation is impervious to gravitational lensing but depends crucially on photon conservation. Recent progress in identifying both standard candles and standard rulers means that we can test the reciprocity relation. Violation of the reciprocity relation signals either deviations of gravity from a metric theory, violations of photon number conservation or some unidentified or unaccounted for systematic error in the estimates of distances. Here we report on the results of tests of the reciprocity relation that search explicitly for violations of photon number and general deviations from the reciprocity relation.
We use the latest combined type Ia supernovae (SNIa) data [4, 5, 6] which includes a significant number of z > 1 observations and provides our estimate of the luminosity distance, d L (z). Estimates of the angular-diameter distance, d A (z), come from several different sources including FRIIb radio galaxies [7, 8] , compact radio sources [9, 10, 11] and X-ray clusters [12] . The methods appendix at the end of this letter discusses them and our analysis pipeline in more detail.
All data sets give roughly the same picture of a nearspatially flat, accelerating, low-matter-density cosmology. (2). The reciprocity relation implies β = 1 (vertical blue line) and photon conservation γ = 0 (horizontal black line). This figure shows the likelihood for all models, but excluding unphysical models with α > 1 the point (β = 1, γ = 0) becomes unfavoured (see fig. 2 ).
Nevertheless, there are observations in disagreement with the accelerating 'concordance' model (e.g. [2] ), there are suggestions that SNIa light may suffer from significant extinction, (e.g. [14] ) and there are radical alternatives to general relativity as a description of gravity, (e.g. MOND [3] ). The reciprocity relation gives us, at least in principle, a way to check all of these possibilities.
We begin by considering a 3-parameter (α, β, γ) extension of equation (1), viz:
where E(z) ≡ H(z)/H 0 is the dimensionless Hubble expansion normalised to unity today. The reciprocity relation corresponds to (β, γ) = (1, 0) (in which case α is arbitrary). If γ = 0 then α = −2 corresponds to absorption/scattering of photons with a fixed comoving number density of absorbers/scatterers while α = 1 corresponds to a 'decay rate' of photons independent of redshift 1 . β parametrises our ignorance regarding possible deformations of the reciprocity relation not associated with loss of photons.
We here use the standard FLRW equations to calculate the theoretical distance d A (z) as a function of the cosmic parameters (Ω K , Ω M , Ω Λ ) (over which we then marginalise, as they are determined by the angular diameter distance data) and use (2) to infer d L (z) given (α, β, γ). If we restrict attention to α = −2 by assuming an absorption/scattering model (such as Compton scattering by free-electrons) we find that the best fit for the absorption coefficient is γ = −0.06 with χ 2 min = 248 and −0.01 < γ < −0.10 at 95% confidence. Surprisingly, the best-fit corresponds not to absorption but anti-absorption (brightening), as is clear from figure (1) since d A (z) is unaffected. The magnitude of the effect corresponds to an increase of about 10% in the number of photons per Hubble time, a very large violation of photon conservation. We can put this into perspective by comparing it with the expected loss of photons due to Compton scattering of photons from the free-electrons in the ionised intergalactic medium. At z < 3 helium is expected to be doubly ionised (f Y = 0.5), leading to a free-electron density n e = Ω b ρ crit (1 − Y f Y )/m N where Y = 0.24 is the primordial helium abundance. We therefore find a scattering amplitude of γ Compton = σ T n e /(2H 0 ) ∼ 10 −3 , a factor of about 50 less than the best-fit (and of opposite sign).
An immediate application of our results is to the issue of dark energy dynamics, which does not violate the reciprocity relation. Evidence from SNIa for significant evolution in the dark energy equation of state w(z) at low redshift [20, 21, 22] now appear less significant since the signal is not seen in the d A (z) data.
We now briefly discuss possible origins for our result. These include known systematic effects such as gravitational lensing or evolution [24] . In the case of infinitesimal light beams the reciprocity relation is unaffected by lensing, but in reality since d L and d A are estimated using different techniques and different sources, the effects of lensing can be non-uniform. In addition it is not clear how accurate the reciprocity relation should be for extended objects such as radio bridges. In the case of SN1997ff (z = 1.7) the effect of lensing was an estimated 0.3 magnitude brightening [18] . However this is probably rather unusual (e.g. [23] ) and it is not clear that lensing is the correct explanation of the systematic brightening of SN-Ia at high redshift relative to the d A (z) data, visible in figure (1) . If it is, it would provide an alternative way to measure the fraction of compact objects in the universe.
Malmquist bias and K-correction may also explain our results. For example, smaller compact radio sources are typically brighter, (e.g. [11] ). Hence in a magnitude limited survey, detected high-redshift sources will be systematically smaller and yield a larger value of d A (z). Our results may indicate that this or related effects have not been fully accounted for yet.
A second class of explanations arise from coupling the Maxwell field dynamically to other fields such as a light axion [19] . This would lead to axion-photon mixing and a loss of photons in the visible in the presence of the cosmic magnetic fields. Our results show that this cannot obviate the need for cosmic acceleration. Nevertheless this may be a viable explanation of our results if SNIa are copious sources of axions (which then mix into photons). However this requires SNIa magnetic fields in excess of 10 13 G [17] and does not provide a very good fit to the data (χ 2 min = 252).
Another possibility is that photons are coupled to the dark energy φ, e.g. φF 2 /M . However, such couplings induce a variation of the fine-structure constant and the constraint ∆α/α ≃ −0.543 ± 0.116 × 10 −5 for z < 3 [15] rules this out as the origin of our results. Time variation of Newton's constant G is not however yet ruled out as the explanation. If G were smaller in the past (allowed by current constraints) it would brighten distant SNIa [16] but its effect on our estimates of d A is not obvious and we can say nothing more at this stage. The most radical option is to assume that this result is evidence against metric theories of gravity in general but this is clearly premature at this stage.
We end by briefly discussing the future. Since γ = 0 causes deviations from the reciprocity relation to grow exponentially with redshift, adding more high-redshift data will rapidly improve constraints on γ, as is clear from figure (1) . We can also ask if it will be possible to distinguish violation of photon conservation from deviations of gravity from a metric theory assuming systematics errors are eliminated. One interesting way to do this would be to use binary black holes as standard gravitational wave candles [26] to give an independent estimate of d L (z). Comparing this against the d L (z) found from SN-Ia using e.g. the JDEM (ex-SNAP) satellite and against the reciprocity relation should allow us to distinguish between the two possibilities. Further, large galaxy surveys such as the proposed KAOS experiment, will provide accurate estimates of d A (z) out to z = 3 [25] , allowing us to test deviations from the reciprocity relation at the level of a few percent, implying that this diagnostic will mature into a unique and powerful test of fundamental physics on cosmological scales.
Methods

Data sets
In this appendix we provide a brief description of the different data sets and our analysis methods. On the supernova side, the main data set is the combination of the data from Tonry et al. [5] and Barris et al. [4] (TB) which have the same format. Although we use our own code to evaluate the χ 2 , it follows closely the one of John Tonry and gives the same results. We also add the recent data by Knop et al. [6] (K), but use directly the extinction corrected data (m eff B in table 3 of this paper), as we use only their new supernovae and thus cannot easily apply the stretch correction. Used in this way, this data set does not improve the SN-Ia constraints very much.
For the angular distance measurements, we used the data sets of Daly & Djorgovski [7] (DD), Gurvits [9] (G) and Jackson [11] (J). DD provide their data directly as dimensionless y(z) and we use it in this form. G gives the data as angular sizes θ(z) with d A = l/θ and we need to marginalise over the unknown "standard ruler" l. This is analogous to the case of supernovae. For this reason the radio galaxy data also does not depend on the Hubble constant. J also provides angular sizes, but pre-binned and uses error bars determined so that the resulting χ 2 value per degree of freedom is unity. We then marginalise over an independent angular size l ′ in this case as well. We checked that we obtain the same confidence regions as [11] when using the J data set alone.
This collection of different data sets leads to the question as to how stable our results are if we leave any of them out. Clearly, we cannot leave out the TB set of SN-Ia. Using the absorption model as the test case, we have found that leaving out any single other data set does not bring γ = 0 within the 95% confidence interval, although if we drop DD then γ = 0 sits precisely on the 95% boundary. The conclusion that there is something systematically different between the SN-Ia and the RG data sets is therefore rather stable.
We do so far only use radio galaxy data to estimate the angular diameter distance. Other promising data sets include e.g. the X-ray gas mass fraction [12] and SZ data [13] . We have indeed included the gas mass fraction data of Allen et al, and marginalised over all nuisance parameters (in this case the bias, the Hubble constant and the baryon density) as a test of the radio galaxy data. The X-ray data is consistent with the RG data, and its addition leads to similar constraints on γ. But as the formula (15) in [12] is only given for flat universes, we prefer to be cautious and thus quote our results without this data set.
Analysis and parameter degeneracies
We use a standard Markov-Chain Monte Carlo method with one chain of 10 6 points per model to sample the likelihood and derive the marginalised limits. It is probably useful to point out here that the 3-parameter fit given in eq. 2 contains two "artificial" degeneracies clearly visible in the likelihood contours: firstly if γ = 0 then α is completely unconstrained (and β ≈ 1) and secondly there is a value of α around 0.5 to 1 for which the integral is very close to a logarithm, and so the full right hand side of the equation becomes approximately (1 + z) β−γ−1 which leads to the strong degeneracy visible in fig. 3 . For this reason it is pointless to look at the marginalised values of our parameters. Rather, we are interested in the absolute goodness of the fit in the full three-dimensional parameter space of (α, β, γ). This is the reason why we show contours of the best-fit likelihood in those figures. In this way, it is easier to see where the well-fitting models are located. When quoting the limits on γ for the absorption models we do of course marginalise over the cosmological parameters.
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